An interrogation technique for fiber Bragg grating (FBG) strain sensors with dynamic temperature compensation using a single-multiple-single-mode (SMS) fiber filter as a temperature compensating element is presented. Experimental results show that this technique offers a resolution of better than 3:4 με for strain measurements in the range from 0 to 1667 με, and the temperature induced error is as low as 34 με in the temperature range from 10 to 60°C. The temperature induced error could be further reduced if the temperature sensitivity (the rate of temperature induced wavelength shift) of the SMS filter was closer to that of the FBG sensor. This can be achieved by selecting a multimode fiber for the SMS filter with appropriate parameters. The proposed technique can be modified for simultaneous measurements of strain and temperature with an experimentally achieved resolution of better than 1°C.
Introduction
Fiber Bragg grating (FBG) based optical sensing is widely used for monitoring bridges and other civil structures [1] , river surveillance, and aerospace structural health monitoring [2] . The cross sensitivity of FBGs to temperature and strain means that it is necessary to discriminate between these two measurands, as in most applications the sensors operate in a randomly changing temperature environment. Changes to the environmental temperature will lead to a shift of the FBG center wavelength and hence will result in an erroneous strain measurement if the influence of temperature is not accounted for. Numerous techniques have been proposed to discriminate between the influence of temperature and strain. In 1997, Brady et al. proposed using the firstand second-order diffraction wavelengths of an FBG to realize simultaneous measurements of tempera-ture and strain [3] . In 1998, Haran et al. used an additional FBG sensor in the same environment to subtract the temperature information and hence allow the strain information to be accurately determined [4] . In 2006, Jin et al. used an encapsulated FBG in a tapered polymer to measure both temperature and stress via a matrix of coefficients by measuring both the chirp and central wavelength shift [5] , and in 2007, Shao et al. presented a high-resolution strain and temperature sensor based on a polarimetric distributed Bragg reflector fiber laser [6] . More recently, Nguyen et al. proposed using a Lyot fiber filter combined with an FBG to measure both temperature and strain via a coefficient matrix [7] . All these techniques employed an optical spectrum analyzer (OSA) to extract either wavelength or bandwidth information, which significantly increases the cost of the system and limits scanning speed. As an alterative to an OSA, ratiometric wavelength measurement is a simple, high speed, and cost effective scheme [8, 9] . Techniques for temperature compensating for ratiometric systems were also extensively investigated. Miao et al. used a tilted FBG to realize dynamic temperature compensation [10] . This dynamic temperature compensation technique is simple, straightforward, and especially attractive when the temperature information is not needed and only the strain is of interest. Recently Zhou et al. used a single-multiple-single-mode (SMS) fiber filter to realize a simultaneous measurement of both temperature and strain by using an experimentally determined matrix of strain and temperature coefficients [11] . In this technique the SMS filter is used for simultaneous measurement of temperature and strain offering a more cost effective solution. The disadvantage of such an approach is that the temperature and strain coefficient matrix must be previously determined, and therefore both temperature and strain must be measured independently in order to experimentally find the values of the matrix coefficients. Since the SMS filter used in [11] had different temperature sensitivity (−55 pm=°C) compared to that of an FBG (typically 10 pm=°C), it is impossible to employ such an SMS filter for dynamic temperature compensation without the use of a temperature and strain coefficient matrix. However, if it can be arranged that both SMS filter and FBG have similar temperature sensitivity, dynamic temperature compensation is much simpler.
In this paper we propose a dynamic temperature compensating technique for FBG sensing based on combining an FBG sensor with an SMS edge filter in a ratiometric measurement system. The system description and analysis are provided in Section 2. A detailed design for a suitable SMS edge filter with a temperature sensitivity of 10 pm=°C is given in Section 3. Finally, the results of experimental verification and further investigations for simultaneous measurement of both strain and temperature by using different system configurations are provided in Sections 4 and 5.
System Description and Analysis
A schematic diagram of a dynamic temperature compensating interrogation system using an SMS edge filter is shown in Fig. 1 . In Fig. 1 the FBG acts as a strain sensor, and the SMS fiber filter acts as an edge filter that is used to determine the shift of the FBG wavelength. Both the FBG and SMS filter are exposed to the same temperature conditions. The signal from a broadband optical source is reflected from the FBG and is then split into two paths: one part of the signal passes the SMS filter and is detected by a photodiode acting as a signal arm, and the other is directly supplied to the second photodiode acting as a reference arm. At a constant temperature the FBG wavelength shifts as strain changes, and hence the output ratio varies. However, if both temperature and strain change, a single ratio measurement is not sufficient to discriminate between the two parameters. In a special case when both the edge filter and the FBG sensor have the same temperature sensitivity, a change in temperature produces similar shifts of the filter spectrum and the Bragg wavelength, so the measured ratio will remain unchanged at a fixed strain and will only vary as a result of strain changes. The principle can be explained with the help of Fig. 2 .
In Fig. 2 , as temperature changes from 20 to 60°C, both the FBG and the SMS filter spectra experience similar shifts along the wavelength axis, and hence the relative wavelength shift between them is very small. In this case the level of optical power reflected from the FBG and passed through the SMS filter should remain the same, and hence the measured ratio will remain constant when temperature change occurs. On the other hand, a change in strain applied to the FBG will result in a relative wavelength shift between the FBG and the SMS filter spectra. In this case the optical power level reflected from the FBG and passed through the edge filter will change, and hence a change in the measured ratio will be detected by the photodiodes. The strain information can thus be extracted by monitoring the ratio variations.
Design of Single-Multiple-Single-Mode Filter
The schematic diagram of an SMS fiber structure is shown in Fig. 3 . The multimode fiber (MMF) in Fig. 3 has a step-index profile. As described in [12] , the SMS fiber structure can be designed to act as bandpass filter such that one edge of the bandpass response is used to implement an edge filter in a ratiometric measurement scheme.
The temperature sensitivity of −55 pm=°C for an SMS fiber edge filter was previously reported in [11] . The temperature sensitivity of such SMS filters depends on parameters of the MMF section. Our aim is to design an SMS fiber edge filter that has temperature sensitivity similar to that of a typical FBG sensor (∼10 pm=°C).
To design a SMS fiber filter, we used modal propagation analysis (MPA) for linearly polarized (LP) modes [12, 13] . In the MPA, the input light is assumed to have the fundamental mode field distribution Eðr; 0Þ of the single mode fiber (SMF). The input field can be decomposed into the eigenmodes fLP nm g of the MMF when the light enters the MMF section. Only the LP 0ν modes of the MMF will be excited due to the circular symmetry of the input field and assuming ideal alignment of the fiber axes of the SMF and the MMF [12, 13] .
Defining the field profile of LP 0ν as F ν ðrÞ (the eigenmodes of the MMF are normalized as
where m is the number of modes in the MMF), the input field at the MMF can be written as
where c ν is the excitation coefficient of each mode. The coefficient c ν can be calculated by an overlap integral between Eðr; 0Þ and F ν ðrÞ:
As the light propagates in the MMF section, the field at a propagation distance z can be calculated by
where β ν is the propagation constant of each eigenmode of the MMF. The transmission loss in decibels can be calculated by using the overlap integral method between Eðr; zÞ and the eigenmode of the output SMF E 0 ðrÞ as It was shown previously [12, 13] that, at a reimaging distance, the SMS filter is highly wavelength dependent and operates as a bandpass filter. For the purpose of designing an edge filter, the bandpass response can be considered as two edge responses at each side of the central wavelength. Consequently the device can behave as an edge filter for a selected wavelength range [14] .
It is well known that there are two parameters that characterize the effect of temperature on the fiber: the thermal expansion coefficient (TEC) and the thermo-optic coefficient (TOC). The TEC characterizes the physical expansion or contraction of the material's volume, while the TOC characterizes refractive index change in response to a change of temperature. Using the TEC and TOC, the change in core radius (R), MMF length (L), and refractive index (n) due to a temperature variation (ΔT) can be expressed, respectively, as
n ðcore;cladÞ T ¼ n ðcore;cladÞ 0 þ ξ · n ðcore;cladÞ 0 · ΔT; ð5cÞ
where α and ξ are the TEC and the TOC, respectively.
First, the influence of the MMF core diameter and numerical aperture (NA) on the temperature sensitivity of the filter's response were investigated as shown in Fig. 4(a) . In this simulation, the value of the coefficients TEC and TOC were assumed to be α ¼ 5 × 10 −7 =°C and ξ ¼ 6:9 × 10 −6 =°C for both the SMF and the MMF [15] . Other parameters used in our simulations are the following: the refractive indices of the SMF core and cladding are 1.4504 and 1.4447, respectively; the core diameter is 8:3 μm; the refractive index of the MMF core is 1.4446, and the MMF length is 42:82 mm.
From Fig. 4(a) it can be seen that as either MMF NA or core diameter changes, the rate of temperature induced shift of the filter spectrum also changes, but the variation is quite small, especially for larger core diameters (>100 μm). This indicates that both NA and core diameter of the MMF have limited influence on the temperature sensitivity of the SMS edge filter.
Further simulations were carried out to determine the influence of TEC and TOC on the SMS filter wavelength shift rate. Figure 4(b) shows simulation results for the wavelength shift rate versus TOC for two different TEC values for a MMF with NA ¼ 0:22 and core diameter of 105 μm. From this figure one can see that as the TOC increases, the wavelength shift rate also increases significantly in a linear fashion. A negative wavelength shift rate can be obtained at a lower TOC and a higher TEC, which is a possible reason for the result of −55 pm=°C in [11] . Figure 4 (b) also shows that in order to achieve a wavelength shift rate around 10 pm=°C for the SMS filter, a MMF with NA ¼ 0:22, α ¼ 5 × 10 −7 =°C, and ξ ¼ 6:9 × 10 −6 =°C is a possible option.
The simulated transmission spectrum of the relevant portion of an SMS edge filter with the above parameters is shown in Fig. 4 (c) at room temperature 20°C (ΔT ¼ 0°C) and after a ΔT ¼ 40°C increase.
The wavelength shift of the filter spectrum versus temperature change for the SMS filter with the above MMF parameters is shown in Fig. 4(d) . It can be seen that for such an SMS filter the spectral response shifts toward longer wavelengths as the temperature increases. The wavelength shift is a linear function of the temperature change, and the temperature sensitivity can be determined as 9:9 pm=°C, which is very close to that of a typical FBG.
Experimental Verification
Experimental investigations were carried out for the proposed system based on a typical FBG sensor and an SMS fiber filter designed based on our simulations. The single-mode and multimode fibers used in our experiments were SMF28 and AFS105/125Y, respectively. The chosen MMF has a refractive index of the core equal to 1.4446, core radius of 52:5 μm, and NA ¼ 0:22. The MMF section has a length of 40:1 mm. The spectral responses of the SMS filter and the FBG are shown in Fig. 5 .
First, the wavelength shifts of the FBG and SMS filter spectra versus temperature were measured using an OSA, and the results are shown in Fig. 6 .
From Fig. 6 it can be determined that the FBG and the SMS filter have temperature sensitivities of 9:7 pm=°C and 8:7 pm=°C respectively, while the maximum relative wavelength shift between the FBG and SMS filter spectra is 50 pm in the temperature range from 10°C to 60°C. This result indicates that, as predicted, the designed SMS filter has a wavelength sensitivity similar to that of the FBG. Experiments were carried out by applying strain to the FBG at room temperature (20°C). The measured ratio versus strain (bottom axis) is shown in Fig. 7 .
To investigate the influence of temperature on the system ratio variations, experiments were carried out by increasing temperature from 10 to 60°C for three fixed strain values: 0, 667, and 1667 με. The measured ratio variations versus temperature (top axis) are also shown in Fig. 7 .
From Fig. 7 one can see that in the temperature range from 10 to 60°C the ratio variations are small for all three fixed strain values. Our calculation shows that the maximum strain variation (and hence error) is 34 με. This result could be further improved if the SMS filter used for temperature compensation has a temperature sensitivity closer to that of the FBG in use. Figure 7 also shows that as the strain increases from 0 to 1667 με, the measured ratio decreases in absolute value monotonically. To illustrate the resolution of this system, incremental step changes of 67 με and 6:7 με are applied to the FBG sensor for It should also be noted that the dependence of the measured ratio versus applied strain deviates from linear (see Fig. 7 ). The result of this nonlinearity can be seen in Fig. 8(a) where, as the applied strain increases, the ratio variation rate decreases, reaching a minimum value in the strain range from 1600 to 1667 με. Figure 8 (b) illustrates small strain step changes of 6:7 με from 0 to 20 με. For a ratiometric system, we assume that a minimum reliable detectable ratio variation is equal to the peak-to-peak ratio fluctuation ΔR p−p . If the slope of the ratio response of a system is m, then the system resolution will be equal to ΔR p−p =m. Figures 7  and 8(a) show that there is a maximum and a minimum slope, and hence the best resolution of 1:7 με is achieved in the strain range from 0 to 20 με, and the worst resolution of 3:4 με is achieved in the strain range from 1600 to 1667 με.
Adaptation of the System to Measure Temperature and Strain Simultaneously
The system presented in Fig. 1 can be used for measurement of strain with dynamic temperature compensation but cannot be used for simultaneous measurements of temperature and strain. In order to measure both strain and temperature simulta-neously, an expanded system configuration is proposed as shown in Fig. 9 .
The light from a broadband optical source passes through an SMS filter and then is split into three paths: one is directed to the FBG, and the reflected signal is detected by a photodiode; another part of the signal is directly applied to a photodiode as a reference; the last part passes through an edge filter and is also detected by a photodiode. Both the FBG and the SMS filter are at the same temperature (in the experiment both devices were collocated in the same heating unit), but strain is applied to the FBG sensor only. Since the SMS filter is only influenced by the temperature, temperature information can be extracted by monitoring the ratio R 2 . If both the FBG and SMS filter have similar temperature sensitivities and the input broadband optical source is spectrally flat, the ratio R 1 will only reflect strain variations. Hence a system with such configuration can be used to measure both strain and temperature simultaneously with dynamic temperature compensation of strain measurement.
Experiments were carried out to investigate the properties of the system proposed in Fig. 9 . The FBG sensor and SMS filter used are the same as described in Fig. 5 . The second edge filter used is a thin-film filter. The measured ratio versus strain (bottom axis) at room temperature (20°C) is shown in Fig. 10 along with the dependencies of the ratio versus temperature (top axis) for three different strain values (0, 667, and 1667 με).
It can be calculated that the temperature induced ratio variation in the range from 10 to 60°C is equal to 82 με, which is 2.4 times that in Fig. 7 . Figure 11 presents the measured R 1 ratio variations versus time with incremental step changes of 67 με and 6:7 με. Figure 11 shows that the ratio response is similar to that in Fig. 8 . Our calculation shows that the minimum resolution of the interrogation system is 4:3 με.
The variation in the ratio R 2 versus temperature was measured and is shown in Fig. 12 .
As one can see from Fig. 12 , the ratio R 2 is a linear function of temperature with a discrimination of 0:28 dB in the range from 10 to 60°C. Figure 13 illustrates the R 2 ratio variations versus time when temperature changes from 10 to 60°C by incremental steps of 5°C are made.
The maximum ratio fluctuation at a constant temperature is 0:005 dB, and the minimum ratio variation is 0:027 dB from 55 to 60°C. Hence the minimum resolution for temperature is 1°C.
The system with the configuration shown in Fig. 9 can be used to simultaneously measure strain and temperature as described above; however, the temperature induced error is higher than that for the system in Fig. 1 . Our detailed investigation shows that in both system configurations, the power variations versus temperature are similar at the circulator signal arm, but are quite different at the reference arm. Figure 14 presents measured results for both system configurations at a fixed strain of 1667 με.
From Figs. 14(a) and 14(b) one can see that temperature induced power variations at the circulator signal arm for both systems are similar and reach a maximum of circa 0:15 dB; however, the power fluctuations at the reference arm are significantly different: for the system configuration in Fig. 1 the temperature induced power variations at the reference arm are similar to those at the circulator signal arm, resulting in relatively small ratio variations, while for the system configuration in Fig. 9 , the nature of the temperature dependence of the power at the reference arm results in large temperature induced ratio variations. One possible reason for such a difference in temperature induced power variations at the two reference arms is the nonflatness of the output spectrum of the broadband optical source.
Conclusions
In this paper we have proposed a ratiometric interrogation technique with dynamic temperature compensation for FBG strain sensors. This technique uses a SMS fiber filter as a temperature compensating element. We developed a design process for creating SMS edge filters with a temperature sensitivity similar to that of a typical FBG (10 pm=°C) based on optimization of the properties of the MMF section. The use of the proposed technique for interrogation of an FBG strain sensor is also experimentally demonstrated. Experimental results show that the proposed technique offers a resolution better than 3:4 με in the range of strains from 0 to 1667 με and a temperature induced error as low as 34 με in the temperature range from 10 to 60°C. Since the temperature sensitivity of the SMS filter used in our experiments differed slightly from that of the FBG sensor (there was a relative wavelength shift of 50 pm between the spectral responses of the FBG and the SMS edge filter over the temperature range from 10 to 60°C), the temperature induced error can be further reduced by choosing a MMF with the required TOC and TEC. Additionally we demonstrated the possibility of simultaneous measurements of temperature and strain by using a modified system configuration that still incorporated dynamic temperature compensation of strain measurement. A temperature resolution better than 1°C was achieved in our experiment and can be improved by using a higher slope edge filter if required.
